1. Introduction {#sec0005}
===============

Porcine reproductive and respiratory syndrome (PRRS) is generally considered as a severe viral disease in pigs, causing huge economic loss worldwide each year. The disease was first reported in the late 1980s in the United States ([@bib0095]), and similar clinical outbreak occurred in Germany in 1990 and was widespread throughout Europe by 1991 ([@bib0065]). In the early 1990s, this viral disease was identified in Asia ([@bib0145], [@bib0170]). In 1995, a PRRS outbreak was firstly recognized in Beijing of China. Since then, PRRS has been verified in many provinces in China, proving to be one of main swine diseases in China ([@bib0040], [@bib0075]). In China in 2006, an unparalleled large-scale, atypical PRRS outbreak caused by the highly pathogenic PRRSV (HP-PRRSV) dealt a heavy blow to the swine industry ([@bib0225], [@bib0185]).

Different pathogenic PRRSV strains in the field induced totally different consequences of infected pigs because of genetically extensive variation ([@bib0120], [@bib0140], [@bib0150]). Our previous studies have shown that the low pathogenic PRRSV (LP-PRRSV) infection resulted in no fatality of pigs with light anatomical and histopathological changes in lungs of pigs, whereas the HP-PRRSV-infected pigs presented high mortality accompanying with high fever (40--42 °C), depression, anorexia, cough, asthma, severe dyspnea, disorder in the respiratory tract, lameness, shivering ([@bib0220]). A recent study found that HP-PRRSV could exhibit extensive tissue tropism for pigs ([@bib0115]). These observations of the pathological changes in tissues of HP-PRRSV-infected pigs suggested that HP-PRRSV infection induced severe pathological changes of lungs.

Various kinds of pathogenic factors can cause acute lung injury (ALI), such as severe infection, shock, thoracic trauma, disseminated intravascular coagulation, gastric acid, smog, and toxic gas aspiration clinically characterized by rapidly progressive dyspnea and intractable hypoxemia ([@bib0045], [@bib0010]). ALI may develop into acute respiratory distress syndrome (ARDS) characterized by damage to the alveolus-capillary interface, usually secondary to an intense inflammatory response of the host lung to infectious or noninfectious invasion ([@bib0110], [@bib0025]). It has been shown that severe acute respiratory syndrome (SARS) virus and avian influenza A H5N1 virus infection could result in high mortality due to the complication of ARDS. Therefore, infectious pathogens, in which that the majority are viruses, have become one of the most important causes of ARDS ([@bib0085], [@bib0030], [@bib0175]). Thus, it is intriguing to note that HP-PRRSV infection might be associated with ALI which may have the responsibility for the additional morbidity and mortality of the infected pigs.

Why two completely different consequences exist in the pigs infected with various PRRSV strains? To address this question, in this study, SPF pigs were infected with two strains of PRRSV, LP-PRRSV strain HB-1/3.9 and HP-PRRSV strain JXwn06, in an attempt to fully observe the distinct lung pathological changes and to better understand the lung pathogenesis induced by HP-PRRSV.

2. Materials and methods {#sec0010}
========================

2.1. Viruses, animals and experimental design {#sec0015}
---------------------------------------------

Two PRRSV strains, JXwn06 and HB-1/3.9 with different virulence, were used in the study. The virus JXwn06, a HP-PRRSV strain, was isolated from an intensive pig farm with atypical PRRS outbreak in 2006 ([@bib0220]). The virus HB-1/3.9, a LP-PRRSV strain, was derived from HB-1(sh)/2002 adapted in MARC-145 cells ([@bib0040]). These viruses were propagated using highly permissive MARC-145 cells according to the method described previously ([@bib0220]).

Twenty one 28-day-old SPF large white pigs (Beijing Center for SPF Swine Breeding & Management, Beijing, China) were divided randomly into three groups, the JXwn06-infected group (*n*  = 9), the HB-1/3.9-infected group (*n*  = 9) and control group (*n*  = 3). Each group was then housed separately in different isolation rooms, with individual ventilation. Each pig was intranasally inoculated with 2 ml of 10^5^  TCID~50~/ml virus (JXwn06 and HB-1/3.9), respectively. The pigs in the control group were mock-inoculated with the same dosages of MARC-145 cells culture supernatant, and then were euthanized and sampled. Clinical signs of virus-inoculated pigs were visually examined and simultaneously the rectal temperatures were measured daily.

Animal use and animal trials in this study have been approved by The Beijing Municipal Committee of Animal Management and The Ethics Committee of China Agricultural University.

2.2. Collection of samples, virus titration and ELISA {#sec0020}
-----------------------------------------------------

On days 3 and 5 post-inoculation (PI), 3 pigs in HB-1/3.9- and JXwn06-infected group were euthanized, and then once death of the rest 3 pigs in JXwn06-infected happened, the 3 pigs were sampled immediately. Meanwhile the rest 3 pigs in HB-1/3.9-infected group were euthanized accordingly. Two portions from each lobe of the left lung were collected immediately and fixed in 4% paraformaldehyde solution. The whole left lung was weighed before and after desiccation at 80 °C drying to constant weight, and then the lung wet:dry weight ratio was determined which was taken as one indicator of lung edema ([@bib0100]). Serum samples collected from the infected animals were detected for viral RNA using RT-PCR by amplifying a 312 bp ORF7 fragment of PRRSV. According to the method of Reed-Muench, virus titration in the lungs was determined with some modification. Briefly, three lobes of right lungs were sampled, frozen in liquid nitrogen and then ground into fine powder using a mortar and pestle, weighted for one milligram and homogenized in 1 ml cold phosphate-buffered saline. Clarified homogenates were titrated for viral infectivity in MARC-145 cells cultured in 96 well plates from initial dilutions of 1:10. Viral titers were expressed as mean TCID~50~ per milliliter. In addition, the concentrations of histamine, PAF, LTB4 and IL-8 in serum, and TNF-α in serum and homogenates of lungs were detected using R&D ELISA kit (R&D system, Inc. USA) according to the manufacture\'s procedure.

2.3. Lung histopathology {#sec0025}
------------------------

The fixed lung samples were dehydrated, embedded in paraffin, and serial sectioned (4 μm). Three sagittal sections from each lung, and six sections per animal, were stained with hematoxylin-eosin and Masson\'s trichrome. The severities of histopathological changes and pulmonary fibrosis of the lungs were assessed and scored. All the sections were numbered randomly and interpreted by three experimenters blinded to the experimental conditions. Histopathological changes were observed and scored under an Olympus microscope (Olympus Optical Co., Ltd.). Criteria for grading lung histopathological changes were as follows: Grade 0 = no obvious pathological changes; Grades 1--3 = light inflammatory cells infiltration, light hemorrhage, vasculitis or bronchiolitis; Grades 4--5 = inflammatory cells infiltration, hemorrhage, vasculitis or bronchiolitis, cell apoptosis and necrosis, microthrombus; Grades 6--10 = severe inflammatory cells infiltration, severe hemorrhage, vasculitis or bronchiolitis, obvious edema, cell apoptosis and necrosis, microthrombus, multinucleated giant cell.

Visual grading of pulmonary fibrosis was performed according to the Ashcroft\'s scoring with some modification ([@bib0005], [@bib0160], [@bib0165]). Briefly, the whole section was scanned for general qualitative observations under an Olympus microscope at ×100 magnifications, and each field was visually graded from 0 to 8. Criteria for grading lung fibrosis were as follows: Grade 0 = normal lung; Grade 1 = minimal fibrous thickening of alveolar or bronchiolar walls; Grades 2--3 = moderate thickening of walls without obvious damage to lung architecture; Grades 4--5 = increased fibrosis with definite damage to lung structure and formation of fibrous bands or small fibrous masses; Grades 6--7 = severe distortion of structure and large fibrous areas; Grade 8 = total fibrous obliteration of lung fields. After examination of the whole sections, the mean score of all the fields was taken as the fibrosis score for each animal.

2.4. Ultrastructural observation {#sec0030}
--------------------------------

To observe the ultrastructural changes of lungs, two portions (1--2 mm^3^) from each lobe of the right lungs were collected immediately and fixed in 2.5% (v/v) glutaraldehyde-polyoxymethylene solution for making semi-thin section and ultrathin section. Semi-thin section (2 μm) was stained with 0.1% crystal violet solution to determine specific tissue structures such as pulmonary alveoli, vessel and thicken alveolar septa. After determined the location, ultrathin section (0.5 μm) was made to observe the cell ultrastructural pathological changes of the lungs such as alveolar epithelial cells, vascular endothelial cells and immune cells.

2.5. Quantity of inflammatory cells in the lungs {#sec0035}
------------------------------------------------

Mast cells were examined by an improved toluidine blue staining according to the method described previously ([@bib0180]). Briefly, lung paraffin sections were dewaxed, rehydrated, and immersed in 0.8% toluidine blue (Sigma Co.) for 15 s. Sections were rinsed with distilled water, and then placed into 95% alcohol until the mast cells appeared deep reddish purple under the microscope, dehydrated and mounted. The number of mast cells was counted in 10 high-power fields under the microscope at ×400 magnifications and the means were calculated. Sampling of the sections was unbiased, with the samples coded and examinations performed by one investigator. The whole section was scanned for general qualitative observations, but detailed examination focused on mast cells. Mast cell density was expressed as cells per square millimeter.

The macrophages in the lungs were stained by immunohistochemistry using the antibody against CD86. The sections were incubated with the primary antibody to CD68 (Abcam Ltd. Hong Kong, China, 1:200) overnight at 4 °C, goat anti-mouse IgG conjugated with horseradish peroxidase (Zymed Laboratories Inc, Beijing, China) at 37 °C for 1 h, diaminobenzidine as chromogen (Zymed Laboratories Inc, Beijing, China) for 10 min at room temperature in the dark, and counterstained with haematoxylin. For negative control, the primary antibody was replaced with PBS. The number of positive cells was counted and the means calculated as described above in mast cell staining.

2.6. Statistical analysis {#sec0040}
-------------------------

Data were expressed as means ± standard deviations (SD). The significance of the variability among different groups was determined by Two-way tests of variance using the GraphPad Prism software (version 5.0). *P* values \< 0.05 were considered to be statistically significant.

3. Results {#sec0045}
==========

3.1. Clinical and gross pathologic observations of the infected pigs {#sec0050}
--------------------------------------------------------------------

The pigs in JXwn06-infected group showed severe clinical symptoms. From day 1 PI, all the pigs started to develop elevated body temperatures (\>40 °C) with a peak of 41.5 °C. Signs of anorexia, depression and lethargy were first observed on day 3 PI. By day 7 PI, majority of the infected pigs abruptly presented severe clinical signs, including roughened hair, rubefaction, emaciation, lethargy, inappetence, respiratory distress, shiver, eyelid and limbs edema and posterior paresis. On day 8 PI, shiver and aspiration frequency were strengthened, and dyspnea, tachycardia, liquid diarrhea and cyanosis of ears, limbs or perineum concomitantly occurred. Two pigs died on day 9 PI and one pig died on day 16 PI. In contrast, the body temperature of HB-1/3.9-inoculated pigs was significantly lower than that of JXwn06-infected pigs, and no obvious clinical signs were observed except for occasional depression and anorexia. Gross observation showed slight edematous lesions in the lungs of HB-1/3.9-infected pigs were observed ([Fig. 1](#fig0005){ref-type="fig"}A), while the lungs of JXwn06-infected pigs were highly edematous, emphysematous, with profuse areas of hemorrhage ([Fig. 1](#fig0005){ref-type="fig"}B and C). No obvious gross lesions were observed in the lungs of control pigs ([Fig. 1](#fig0005){ref-type="fig"}D).Fig. 1Gross pathological changes in the lungs of infected pigs. No obvious pathological changes with dark color in the lung of HB-1/3.9-infected pig (A). Emphysema (thin arrow), hemorrhage (thick-hollow arrow) and hepatization (thick-solid arrow) in the lung of JXwn06-infected pig on moribund (day 9 PI) (B). Consolidation (thin arrow) and severe edema with swelling (thick arrow) in the lung of JXwn06-infected pig on moribund (day 16 PI) (C). No obvious pathological changes in the lung of control pig (D).

By RT-PCR, PRRSV was detected to be positive from day 3 PI in the sera of JXwn06-infected pigs, but from day 5 PI in HB-1/3.9-infected pigs. The viral titers in the lungs of JXwn06- and HB-1/3.9-infected pigs were calculated to be 10^−2.76^  TCID~50~/ml and 10^−1.76^  TCID~50~/ml on moribund (including day 9 and 16 PI), respectively.

3.2. Histopathologic lesions in the lungs of infected pigs {#sec0055}
----------------------------------------------------------

The histopathological changes in lungs of the infected pigs were observed. As shown in [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"} , only predominantly peribronchiolitis and interstitial pneumonia with light haemorrhage in lungs of the HB-1/3.9-infected pigs were visible on days 3, 5, and 16 PI ([Fig. 2](#fig0010){ref-type="fig"}A--C). On the contrary, in JXwn06-infected pigs, hyperaemia, initial peribronchiolar patchy pneumonia and interstitial pneumonia were observed on day 3 PI ([Fig. 2](#fig0010){ref-type="fig"}D); by day 5 PI, lung histopathological lesions aggravated, including predominantly peribronchiolar lesions, fully developed bronchiolitis, and bronchopneumonia, and dropout of alveolar epithelial cells and narrowed alveolar space ([Fig. 2](#fig0010){ref-type="fig"}E); severe histopathological lesions were observed in lungs of the died pigs, these lesions included destruction of lung structure with extensive hemorrhage and a large number of inflammatory cells infiltration, severe dropout of alveolar epithelial cells with exudation of inflammatory cells and erythrocytes into the alveolar spaces, vasculitis and thrombus, alveolar lumens flooded with edema fluid and pulmonary interstitial edema accompanied vascular trauma, and formation of multinucleated giant cells and epithelioid cells ([Fig. 2](#fig0010){ref-type="fig"}F and G). The lungs of control pigs exhibited no obvious histopathological changes ([Fig. 2](#fig0010){ref-type="fig"}H). Meanwhile, there was mild fibrosis with collagen fibers in HB-1/3.9-infected pigs on day 16 PI ([Fig. 3](#fig0015){ref-type="fig"}A), while severe distortion of structure and diffuse fibrous areas were observed in the lungs of died pigs infected with JXwn06 ([Fig. 3](#fig0015){ref-type="fig"}B). No obvious fibrosis was observed in the lungs of both HB-1/3.9- and JXwn06-infected pigs on days 3 and 5 PI. No fibrosis was in the lungs of control pigs ([Fig. 3](#fig0015){ref-type="fig"}C). Severity scores for lung histopathological lesions are given in [Fig. 4](#fig0020){ref-type="fig"}A. According to Ashcroft\'s method ([@bib0005]), severity scores for lung fibrosis are given in [Fig. 4](#fig0020){ref-type="fig"}B. These observations indicated that the lungs of JXwn06-infected pigs showed severer histopathological changes than those of HB-1/3.9-infected pigs.Fig. 2Histopathological changes in the lungs of the infected pigs. Inflammatory cells infiltration (solid and thick arrow) and hyperemia (solid and thin arrow) in the lung of HB-1/3.9- (A) and JXwn06- (D) infected pig on day 3 PI. Peribronchiolitis (solid and thick arrow), hemorrhage and hyperemia (solid and thin arrow) in the lung of HB-1/3.9-infected pig (B), and hemorrhage (solid and thin arrow), dropout of alveolar epithelial cells (open arrow), inflammatory cells infiltration and narrowed alveolar space (solid and thick arrow) in the lung of JXwn06-infected pig (E) on day 5 PI. Inflammatory cells infiltration and interstitial pneumonia (solid and thick arrow), and narrowed alveolar space (solid and thick arrow) in the lung of HB-1/3.9-infected pig (C), and microthrombus (solid and thin arrow, F), vasculitis (open arrow, F), alveolar lumens flooded with edema fluid mixed with erythrocytes and inflammatory cells (solid and thick arrow, F), vascular injury and severe hemorrhage (G), multinucleated giant cell (open arrow, F) and epithelioid cells (solid and thin arrow, F) in the lung of JXwn06-infected pig on day 16 PI and moribund. No significant changes in the lung of control pig (H).Fig. 3Fibrosis in the lungs of infected pigs. Mild fibrosis with collagen fibers (solid arrow) in the lung of HB-1/3.9-infected pig on day 16 PI (A). Severe distortion of structure and diffuse fibrous areas (solid arrow) in the lung of JXwn06-infected pig (B). No fibrosis in the lung of control pig (C). Bar = 50 μm.Fig. 4The pathological scores of the lungs of infected pigs. The severity of lung pathological lesions (A). The severity of lung fibrosis (B). The pathological lesions were scored according to the methods described in Materials and methods.

3.3. HP-PRRSV infection could induce severe lung edema in pigs {#sec0060}
--------------------------------------------------------------

Severe lung edema in some cases could result in ALI which was associated with death ([@bib0125], [@bib0135], [@bib0035]). In our study, the lungs of JXwn06-infected pigs exhibited severe edema which was significantly different from HB-1/3.9-infected and control groups. With regard to edema, the lung wet:dry weight ratio and the concentrations of histamine, PAF and LTB4 in serum were measured. As shown in [Fig. 5](#fig0025){ref-type="fig"}A, the lung wet:dry weight ratio of JXwn06-infected pigs was higher than that of BH-1/3.9-infected pigs, with a significant difference on moribund (*p*  \< 0.01). The levels of histamine in JXwn06-infected pigs significantly increased from day 3 PI to moribund compared with those of HB-1/3.6-infected and control groups (*p*  \< 0.01), and on day 16 PI, the levels of histamine in the lungs of HB-1/3.9-infected pigs had significant difference compared with those of control group ([Fig. 5](#fig0025){ref-type="fig"}B, *p*  \< 0.05). PAF in JXwn06-infected pigs also elevated significantly from day 5 PI to moribund compared to control group (*p*  \< 0.05), whereas no obvious changes of PAF were observed in HB-1/3.9-infected pigs ([Fig. 5](#fig0025){ref-type="fig"}C). Dramatic increase of LTB4 in JXwn06-infected pigs was detected with highly significant difference compared to those of control group on day 5 PI to moribund (*p*  \< 0.01), and was significantly different from those of HB-1/3.9-infected group (*p*  \< 0.05). While no difference of LTB4 was found between HB-1/3.9-infected and control groups ([Fig. 5](#fig0025){ref-type="fig"}D).Fig. 5Changes of indicators for lung edema. Lung and serum samples were collected on days 0, 3, 5 PI and moribund. Lung wet-to-dry weight ratios (A), histamine (B), platelet activation factor (C), and leukotriene B4 (D) were measured by the methods described in Materials and methods. Data were shown as means ± SD from 3 pigs each group. \**p* \< 0.05 and \*\**p* \< 0.01 between control and virus infection groups. ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 between HB-1/3.6- and JXwn06-infected groups.

3.4. PRRSV infection resulted in severe inflammation in the lungs of infected pigs {#sec0065}
----------------------------------------------------------------------------------

Compared with control group, the lungs of HB-1/3.9- and JXwn06-infected pigs showed an increased inflammatory cell population as early as day 3 PI. To quantify the immune cell sub-populations responding to viral infection, we determined the cell numbers of specific inflammatory cell populations in the lungs of infected pigs using specific stainings. Mast cells, mononuclear-macrophages and polymorphonuclear neutrophils accounted for the highest percentage of the total leukocytes following infection ([Fig. 6](#fig0030){ref-type="fig"} ). On days 3 to 5 PI, mast cell numbers in the lungs of JXwn06- and HB-1/3.9-infected pigs were significantly higher than those of control group (*p*  \< 0.05), while on day 5 PI, more mast cells were in the lungs of JXwn06-infected pigs compared to those of HB-1/3.9-infected group. On days 9 and 16 PI (moribund), no difference in mast cells in mast cells was showed between JXwn06-infected and control groups, but mast cell numbers in the lungs of HB-1/3.9-infected pigs were dramatically higher than those of control group ([Fig. 7](#fig0035){ref-type="fig"}A). There were extremely significant differences of mononuclear-macrophages numbers in the lungs of pigs between control and virus-infected group on day 3 PI to moribund (*p*  \< 0.01), while on day 5 PI to moribund, the number of mononuclear-macrophages in lungs of JXwn06-infected group was highly significantly different from those of HB-1/3.9-infected group (*p*  \< 0.01) ([Fig. 7](#fig0035){ref-type="fig"}B). Compared with control and HB-1/3.9-infected group, the number of neutrophils of JXwn06-infected pigs increased significantly from day 3 PI to moribund (*p*  \< 0.01), while from day 5 PI to moribund there was highly significant difference in nutrophils number between HB-1/3.9-infected and control groups (*p*  \< 0.01) ([Fig. 7](#fig0035){ref-type="fig"}C).Fig. 6Changes of mast cells, mononuclear-macrophages and neutrophils in the lungs of infected pigs. Mast cells with reddish purple (arrows) in the lung of control pig (A), HB-1/3.9-infected pig (B) and JXwn06-infected pig (C). Mononuclear-macrophages with brown orange (arrows) in the lung of control pig (D), HB-1/3.9-infected pig (E) and JXwn06-infected pig (F). Neutrophils in the lung of control pig (G), HB-1/3.9-infected (H) and JXwn06-infected pig (I).Fig. 7Numbers of mast cells, mononuclear-macrophages and neutrophils in the lungs of infected pigs. Numbers of mast cells, mononuclear-macrophages and neutrophils were counted. Data were shown as means ± SD mm^−2^ from 3 pigs each group. \**p* \< 0.05 and \*\**p* \< 0.01 between control and virus infection groups. ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 between HB-1/3.6- and JXwn06-infected groups.

As for pro-inflammatory cytokines and chemokines, the concentrations of TNF-α, IL-1β and IL-8 in sera and TNF-α in the lungs were measured. As shown in [Fig. 8](#fig0040){ref-type="fig"} , the levels of TNF-α in the lungs of JXwn06-infected group significantly increased on day 3 PI to moribund (*p*  \< 0.01), and on day 5 PI there was highly significant difference between JXwn06- and HB-1/3.9-infected group (*p*  \< 0.01). On day moribund, significantly different levels of TNF-α in HB-1/3.9-infected group were detected compared to those of control group (*p*  \< 0.05). However, TNF-α level in sera also elevated from day 3 PI to moribund, but there was no significant alteration between control and virus infection group. Compared with control group, IL-8 level was dramatically increased in the sera of JXwn06-infected group from day 3 PI to moribund (*p*  \< 0.01), and there were remarkable and great differences between JXwn06- and HB-1/3.9-infected group on day 5 PI and moribund. Significant difference of IL-8 level between control and HB-1/3.9-infected group was detected on day moribund (*p*  \< 0.05). The concentration of IL-1β in sera of infected pigs increased from day 3 PI to moribund, but only on moribund, significant difference between control group and JXwn06-infected group could be observed (\<0.01).Fig. 8Concentrations of IL-1β, IL-8 and TNF-α in the sera and lungs of infected pigs. Lung and serum samples were collected on days 0, 3, 5 PI and moribund. TNF-α in sera (A) and in lungs (D), IL-1β (B) and IL-8 in sera (C) were detected by the methods described in Materials and methods. Data were shown as means ± SD from 3 pigs each group. \**p* \< 0.05 and \*\**p* \< 0.01 between control and virus infection groups. ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 between HB-1/3.6- and JXwn06-infected groups.

3.5. Severe ultrastructural pathological changes in the lungs of infected pigs {#sec0070}
------------------------------------------------------------------------------

Compared with control group, cell ultrastructural pathological changes in the lungs of HB-1/3.9- and JXwn06-infected pigs were observed ([Fig. 9](#fig0045){ref-type="fig"} ). For HB-1/3.9-infected pigs, the inflammatory cells were recruited into the alveolar septa and a few alveolar epithelial cells with ultrastructural pathological changes were observed, including fragmentation of cell membrane, mitochondrial swelling, and a few death cells shown as karorrhexis and karyolysis. However, for JXwn06-infected pigs, severe ultrastructural pathological changes including vascular wall injury, haemorrhage, alveolar epithelial cells necrosis and apoptosis could be seen, showing as fragmentation of cell membrane, nucleolemma introcession and karyopycnosis, cell vacuolization, a large number of cells death with severe mitochondria swelling and crista fragmentation, nuclear pyrosis, nuclear fragmentation and the formation apoptotic body. In addition, obvious fibroplasias could be observed under transmission electron microscope.Fig. 9Ultrastructural pathological changes in the lungs of infected pigs. Alveolar epithelial cells with fragmentation of cell membrane and mitochondrial swelling (arrow) in the lung of HB-1/3.9-infected pig on day 5 PI (A). A few cells undergone apoptosis with karorrhexis, karyolysis, and organelles dissolution in the lung of HB-1/3.9-infected pig on day 16 PI (B). Obvious injury of vascular wall (arrow) in the lung of JXwn06-infected pig on day 5 PI (C). Alveolar epithelial cells occurred apoptosis with fragmentation of cell membrane, nucleolemma introcession and karyopycnosis in the lung of JXwn06-infected pig on day 5 PI (D). Cell vacuolization (arrows) in the lung of JXwn06-infected pig (E). Obvious fibroplasias and cell necrosis (arrow) in the lung of JXwn06-infected pig on moribund (F).

4. Discussion {#sec0075}
=============

Highly pathogenic PRRSV emerging in China could give rise to high mortality and severe lung pathological lesions ([@bib0225], [@bib0220], [@bib0210]). In this report, differences in pathological changes, as well as a possible lung pathogenesis following HB-1/3.9 and JXwn06 infections were investigated. The results of pathological changes showed that unlike HB-1/3.9-infected group with mild lung pathological changes, more severe pathological lesions were observed in the lungs of JXwn06-infected pigs due to ALI. Firstly, almost the infected pigs exhibited clinical signs of respiratory disease, including visually prominent signs of respiratory distress in this study. Secondly, gross pathological changes and the dramatically increased lung wet: dry weight ratios showed that the infected pigs had highly edematous lungs. Thirdly, the infected pigs displayed a similar histopathologic pattern, including an initial peribronchiolar patchy pneumonia and interstitial pneumonia on day 3 PI and predominantly peribronchiolar lesions and light haemorrhage, and fully developed bronchiolitis, interstitial pneumonia and bronchopneumonia by day 5 PI. Pathological lesions in the lungs were characterized by inflammatory cellular infiltration, interstitial and alveolar edema, and hemorrhage. Lastly, on day 7 PI, the infected pigs suddenly presented prominent clinical signs of respiratory distress, especially on day 9 PI; the infected pigs showed severe dyspnea accompanying with tachycardia and cyanosis. These changes demonstrated that the infected pigs may develop progressive and severe hypoxemia in accordance with the time course of clinical signs and pulmonary lesions of ALI. Moreover, the ultramicroscopical changes of lungs suggested that after HB-1/3.9 infection, increased inflammatory cells in alveolar septa and a small number of death cells did not change the gas exchange function. On the contrary, blood cells deposition in vessel and alveolar space, severe alveolar epithelial cells death and serious pathological changes of vascular endothelial cells resulted in the ventilation and gas exchange dysfunction of lungs after JXwn06 infection. Furthermore, the death of type II alveolar epithelial cells serving as latent stem cells could not protect the normal lung structure through proliferation, leading to further damage of gas exchange function. The lung pathological changes observed in our report are consistent with those of previous studies ([@bib0080], [@bib0115], [@bib0185], [@bib0220], [@bib0120]) which strongly support our contention that HP-PRRSV contributes substantially to the ALI. Moreover, ALI induced by HP-PRRSV infection in this study showed similar clinical and histopathological changes to those induced by other pathogens, such as avian influenza virus and SARS virus ([@bib0045], [@bib0010], [@bib0110], [@bib0025], [@bib0085]).

Previous studies have demonstrated that PRRSV replicates extensively in pulmonary alveolar macrophages ([@bib0190], [@bib0105], [@bib0195], [@bib0200]). In our study, we found that compared with HB-1/3.9-infected pigs, earlier viremia and more infected cells in the lungs occurred in JXwn06-infected pigs which were similar to the results of IHC and virus titers in Guo\'s report ([@bib0080]). Our previous study also found that HP-PRRSV displayed an expanded tissue tropism ([@bib0115]). After HB-1/3.9 infection, mild interstitial pneumonia and cytokines reaction were detected, but JXwn06 could induce more immune cells infiltration and higher levels of pro-inflammatory cytokines with regard to severe vascular injury, exudation and hemorrhage which flooded the alveolar space and increased the thickness of alveolar-capillary membranes and decreased the number of ventilated alveoli associated with hypoxia. These data suggest that extreme inflammatory injury rather than uncontrolled infection might be a determinant of the fatal outcome after HP-PRRSV infection.

As reported that an intense, neutrophil-predominant host inflammatory response could result in ALI. After stimulation by pro-inflammatory cytokines, the activated neutrophils could release free radicals, inflammatory cytokines and proteases which had contributions to lung lesions ([@bib0205], [@bib0015]). In our study, we found that increased immune cells also included mononuclear phagocytes and mast cells besides neutrophils. On day 3 to 5 PI, the number of immune cells in the lungs of JXwn06-infected pigs increased by nearly 2-3 times compared with HB-1/3.9-infected and control pigs, suggesting that mononuclear phagocytes and mast cells also play an important role in the process of ALI caused by HP-PRRSV infection. Previous studies indicated that the cytokines such as TNF-α were believed to be one of important factors involved in ALI ([@bib0155], [@bib0070], [@bib0060]). Xu and co-workers found that Chicken/HB/108 H5N1 infection could induce ALI and high levels of TNF-α in the lungs of mice, but TNF-α in serum showed significantly no change ([@bib0215]). Several studies have indicated that PRRSV infection also could induce high levels of pro-inflammatory cytokines ([@bib0055], [@bib0050], [@bib0020]). Our data demonstrated that there was no obvious difference of TNF-α level in serum between control and infection group, but TNF-α expression in the lungs significantly increased in JXwn06-infected pigs. Meanwhile, the levels of IL-1β which played an important role in inflammation only increased significantly in serum of JXwn06-infected pigs on day moribund. In addition, the levels of chemokine IL-8 in serum increased significantly in JXwn06-infected group from day 3 PI to moribund compared to HB-1/3.9-infected and control groups. The results of cytokines changes in our study were consistent with those of Guo\'s experiment ([@bib0080]), except TNF-alpha level was higher in the control group. These results indicated that IL-8, released into the blood in the early stage of PRRSV infection, gave a hand in immune cells infiltration into the sites of lung damage involving in inflammation. Then, TNF-α and IL-1β mainly produced by these activated inflammatory cells highly accumulated in the lung, and then aggravated the inflammation, inducing irreversible damage to the lung. Simultaneously, these results suggested the inflammatory cells such as mononuclear phagocytes were mostly recruited, sequestrated and activated in the lungs but not returned to circulation, which might be helpful for illustrating the phenomenon that no difference of TNF-α in serum existed between the groups. In addition, in JXwn06-infected group, the levels of histamine, LTB4 and PAF significantly increased in serum primarily in response to increased permeability of the vessel and inflammatory cells accumulation. Owing to the fact that histamine and LTB4 are mainly produced by mast cells, and PAF is principally produced by neutrophils and endothelial cells, we propose that mast cell mostly located around blood vessels might be activated directly by PRRSV or the cytokines from activated macrophages, and then released inflammatory factors resulting in increased vessel permeability and inflammatory cells recruitment. Taken together, these results suggested that in the early stage of PRRSV infection, the immune cells in the lung were activated and then highly expressed proinflammatory cytokines causing a serious effect on the permeability of the vessels and recruitment of inflammatory cells into the lung leading to severe haemorrhage and exudation.

As one of tissue repair mechanisms, fibrosis not only plays an important role in the late stage of inflammation, but also acts an adverse effect on the process of some tissue repair especially in the lung. Many studies found that fibrosis occurred in ARDS during convalescence leading to respiratory failure in a few years and an increased risk of death ([@bib0130], [@bib0090]). Qiao and co-workers found that in mouse, ALI model following H5N1 virus infection, most mice developed fibrosis gradually at late stage; especially the survived mice underwent severe fibrosis on day 30 PI ([@bib0165]). In our study, on day 16 PI, severe lung fibrosis of one pig in JXwn06-infected group were observed, while no fibrosis or light fibrosis was observed in the lungs of other pigs as well as in those of HB-1/3.9-infected and control groups. We first observed the fibrosis involved in lung injury occurred at the late stage of inflammation after JXwn06 infection, suggesting a close relation with fatal outcome of the infected pig. It is worthy to be noted that on moribund some pathological changes induced by secondary bacterial infection were also observed in JXwn06-infected pigs. Therefore, it is necessary for further investigating the role of bacterial co-infection in the pathogenesis of HP-PRRSV.

In summary, we demonstrated that HP-PRRSV---JXwn06 could induce ALI concomitantly occurred with haemorrhage, edema, cell death and fibrosis, which may be in part responsible for the pigs' death. As well known, the vascular system is widely distributed in the lung, thus it may become the direct or indirect invasion target by PRRSV, especially HP-PRRSV, which belongs to the family *Ateriviridae*. Moreover, mast cell may play a major role in activating endothelial cells and increasing vascular permeability after HP-PRRSV infection. Our findings will be helpful for further investigation on the pathogenesis of ALI induced by HP-PRRSV and will provide valuable clues better clinical treatment for this disease.
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